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PORENORO 


This final report sunmary describes the analytical and experimental 
studies conducted by the Rocketdyne Division of Rockwell Inter- 
national Corporation from June 1972 through November 1974 under 
Contract NAS9- 12802. The NASA/ JSC Progrmn Manager was Merlyn Lausten. 


ABSTRACT 


Analyses and preliminary designs of candidate ONE propellant conft>ina- 
tions and corresponding engine designs were conducted and evaluated in 
terms of perfoxmance, operating limits, program cost, risk, inherent 
life and maintainability. For the Rocketdyne reconmiended and NASA 
approved propellant combination and cooling concept (NTO/MMi regenera- 
tively cooled engine), a demonstration thrust chamber was designed, 
fabricated, and experimentally evaluated to define operating character- 
istics and limits. Alternate fuel (SO-SO) operating characteristics 
were also investigated with the demonstration chamber. 

Adverse (^erating effects on regenerative cooled operation were 
evaluated using subscale electrically heated tubes and channels. An 
investigation of like doublet element characteristics using subscale 
tests was perfoxmed. Full scale 8- and 10- inch diameter like-doublet 
injectors for the OME were designed, fabricated, and tested. Injector 
stability was evaluated analytically and experimentally. An integrated 
(8- inch diameter combustor) thrust chamber simulating the flight 
configuration was designed, fabricated and tested to further evaluate 
operating limits of the regenerative cooled design concept. An 
analytical comparison of 8- and 10-inch OME thrust chand>er assemblies 
was performed using experimental heat flux profiles. 
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INTRODUCTION 



The requirements for the space shuttle vehicle dictate an orbital 
maneuvering propulsion system wh'ch is lightweight, exhibits high per- 
formance, is insensitive to mission duty cycle, has long life, and is 
reusable, inspectable, and maintainable. Selection of the optimum 
propellant combination an.' engine cooling mode for this system requires 
the proper compromise between cost, performance, and degree of system 
sophistication. 

An analytical and experimental evaluation of reusable thrust chamber con- 
cepts was conducted by Rocketdyne, under Contract NAS9> 12802, to deter- 
mine the optimxim configuration for SS/OME application. This report 
summarizes the contractual effort. 

PROGRAM OBJECTIVES 


The primary objective of this program was to evaluate and determine the 
feasibility of potential reusable thrust chamber concepts for the Space 
Shuttle Orbit Maneuvering Engine (OME). The program was to provide basic 
engine data, with emphasis on the thrust chamber, to the potential vehicle 
contractors to assist in evalxiating and selecting various OME configura- 
tions. 

The program objectives were later expanded to provide basic technical data 
to support the mainstream OMS and OME programs. This included performance, 
stability and theimal characteristics data of an OME operating with an 
alternate injector configuration and with alternate propellants. Transient 
and off-design operation data were also provided through subscale and full- 
scale tests. 


RELATIONSHIP TO OTHER NASA EFFORTS 


This contractural effort (NAS9-12802) is similar to those conducted under 
Contracts NAS9-13133 (Aerojet Liquid Rocket Corp.) and NAS9-12803 (Bell 
Aerospace Co.) in order to evaluate injector and reusable thrust chamber 
concepts related to the OME and (%4S development programs. Related injector 
stability investigations were concurrently conducted at Rocketdyne under 
Contract NAS9-12524. 
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METHOD OP APPROACH 


PROGRAM 


In order to accomplish the stated objectives the program was organized 
into thirteen tasks. The various task descriptions are summarized in 
Table / along with the corresponding report numbers summarizing per> 
tinent results. 

The approach taken in the program was to first evaluate potential reus> 
able thrust chamber concepts and propellant combinations in order to 
select an optimum flight design. This was the purpose of Tasks I and II. 

Injector performance and stability characteristics were obtained in 
Tasks VI and XI using both subscale (single-element) and full-scale 
configurations . 

Basic data on the cooling characteristics of candidate amine fuels to 
aid in configuration selection and later chamber designs were obtained 
in Tasks VII, IX, and XIII using subscale electrically heated tube 
assemblies. 

In order to prove the feasibility of the selected chamber concept, a 
demonstrator chamber was designed (Task III), fabricated (Task IV) and 
tested (Tasks V and VIII). 

The demonstrator chamber was followed by a nearly flight type integrated 
chaod>er to provide more extensive feasibility evaluation. This chamber 
was designed and fabricated (Task X) and tested (Task XII) at White Sands 
Test Facility. 

A conqparison of 8- and 10-inch diameter chambers was made in Task X in 
order to determine the optimum configuration for OME application. 

The method of approach utilized in each of the six primary areas of 
investigation discussed above follows. The major hardware fabricated 
is summarized in Table la. 


CONFIGURATION AND PROPELLANT SELECTION 


Detailed point designs were generated for both film and regenerative ly 
cooled thrust chambers which appeared promising for application to the 
SSME. The basic ground rules are given in Table 2. The propellant 
combinations considered were NTO/MMH, NTO/SO-50, LOX/MMl, LOX/SO-50, 
U)X/RP-1, and I/IX/C^H^. Designs were generated for each propellant 
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TABLE 1. TASK DESCRIPTION FOR SS/OME REUSABLE 
1HRUST CHAMBER PROGRAM 


Task 

No. 

Title 

Task Description 

Report 

Number 

1 

Rousablo Thrust 
Chamber Evaluation 

Design and analysis of promising reusable thrust chamber 
concepts applicable to the SS/OME with NTO/lMi and 
NTO/SO-SO propellants. 

12867S 

141671 

II 

Altamata ONE 
Propellant Combinations 

Design and analysis of promising reusable thrust chamber 
concepts applicable to the SS/OME with LOX/amine and 
LOX/ hydrocarbon propellants. 

Same 

III 

Doaonstration Thrust 
Chamber Design 

Detailed design of an experimental thrust chamber to 
demonstrate critical design » fabrication, and operating 
areas of regeneratively cooled reusable chamber. 

141673 

IV 

Demonstration Thrust 
Chamber Fabrication 

Fabrication of demonstration chamber. 

None 

V 

Demonstration Thrust 
Chamber Testing 

Hot 'fire testing of demonstration chamber at simulated 
altitude over a range of operating conditions with 
NT0/M4H propellants. 

140321 

VI 

Hot Fire Element 
Investigation 

Subscale injector hot *f ire tests, performance, thermal and 
stability evaluation of like^doublet and triplet element 
configurations for REGEN chamber. 

141677 

VII 

Heat Transfer 
Testing 

Characterize the cooling capability of and SO-SO fuels 

at OME type operating conditions using electrically 
heated test sections. 

141672 

VIII 

Alternate Propellant 
Demonstration 

Hot -fire testing of demonstration chamber at simulated 
altitude over a range of operating conditions with 
NTO/SO-SO. Compare with Task V results. 

140321 

IX 

Adverse Operating 
Conditions 

Investigate effects of hot manifold starts and helium 
ingestion using electrically heated single tube test sections. 

134282 

X 

Integrated Thrust 
Chamber Fabrication 

Design and fabricate an 8 -inch diameter integrated thrust 
chamber assembly which simulates the perfonance, thermal, 
and hydraulic characteristics of OME flight configuration. 
Analytically compare 8- and 10- inch diameter thrust 
chamber assembly. 

14167S 

XI 

ONE Injector 

Experimentally determine stability of existing 8-inch diimetei 
injector. Design, fabricate and test 10- inch diameter 
injector. Conduct stability analysis including review of 
existing data. 

1403S6 

141674 

141676 

XII 

Integrated Thrust 
Chamber Test 

Experimentally evaluate operating characteristics of OME 
ITC. Evaluate steady-state, start, shutdot.^. and restart 
characteristics. 

1322S6 

1402S0 

XIII 

Subscale Helium 
Ingestion and TVo 
Dimensional Heating 
Tests 

Evaluate transient and steady- state helium ingestion capa- 
bilities of OME thnxst chamber using electrically heated 
single and multiple channels. Evaluate 2-D conduction and 
plugged channel operating characteristics with same test 
sections* 

141S60 


OBSHNAL PA6B B 
OF POOR QUAUI9 
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combination. Parametric data were generated, based on perturbing these 
point designs, describing engine weights, performance, inlet pressures, 
envelope, reliability, maintainability, and costs. The total engine 
was considered in these evaluations and included the thrust chamber assem' 
bly, propellant valve and ducts, gimbaling actuator ring, and 
bearing, and the electrical and pneumatic systems. 

The results of these studies were published (NASA-CR- ) to aid NASA 
and potential orbiter and OMS contractors in configuration selection and 
evaliuition. 

INJECTOR EVALUATION 


Subscale and full*scale injectors were designed, fabricated, and tested 
extensively in order to characterize like doublet and triplet element 
configurations in terms of performance and heat transfer. Stability model 
tests were also conducted and analysis and evaluation of all avail^le OME 
experimental data were made. 

Subscale Injector Element Characterization 


Hot-fire tests were conducted with single element configuration in a heat 
sink chamber. The tests were conducted: (1) determine the optimum like- 
doublet element geometry for operation at conditions consistent with a 
fuel regenerative ly cooled CME, and (2) to further investigate the sen- 
sitivity of the triplet element injector to hot fuels. For the like- 
doublet element injector, tests were conducted to determine: (1) the 
optimum cant angle and spacing, (2) the minimum number of elements required, 

(3) the possible turbulent mixing effect as a function of chamber length, 

(4) the influence of fuel and oxidizer temperatures on performance, and 

(5) the effects of chamber pressure and mixture ratio on C* efficiency. 

Full-Scale Injector Element Characterization 


Like-doublet elements were designed and fabricated for OME thrust chambers 
having contraction area ratios of 2 and 3. The corresponding injector 
diameters were 8.2 inches and 10 inches. The injector design parameters 
are shown in Table . Primary differences between the injectors, in addi- 
tion to their diamr .ers , is the number of elements and the element spacing 
and cant angle. In both cases, the number of elements represented a maximum 
number which could be conveniently fabricated for the particular element 
geixnetry and injector diameter. The spacing and cant angle for the L/D #1 
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TABLE 3 


LIKE-DOUBLET INJECTOR PARAMETERS 



T. J #4 

L/D #1 

Face Diameter* Inches 

10.0 

8.2 

Number of Elements 

229 

186 

Orifice Poming 

EDM 

EDM > 

Diameter of BLC Orifices (68)* Inches 

- 

0.07J 

Diameter of Fuel Elnnent* Inches 

0.0294 

0.028-0.033 

Diameter of Oxidizer Elonent* Inches 

0.0309 

0.032-0.038 

0-F Element Spacing* Inches 

0.45 

0.19 

Impingement Height* Inches 

0.101 

0.188 

Cant Angle* Degrees 

45 

22.5 

Nominal Fuel AP* PSI 

45 

62 

Nominal Oxidizer ^P* PSI 

55 

55 

Radial Sequence 

O-F-O-F 

0-0-F-F 

Stabilization 

Acoustic Cavities 
and Fii<^l Manifold ’ 
Dams 

Acoustic Cavities 
and Fuel Manifold 
Dams 

Injector Material 

321 CRES 



I 


R-9686-1 

7 


injector were determined from previous injector e:q)erience. The values 
of these pareuneters for the L/D #4 injector were determined by the sub- 
scale tests. 

Another important difference between these injectors is the radial sequenc- 
ing of the fans. In both cases oxidizer fans impinge on fuel fans. 

However, for the L/D #1 injector each propellant fan is adjacent to a fan 
of the tame propellant on its nonimpinging side. This maximizes inter- 
element mixing for sprays which pass radially through the prit.ary mixing 
zone without ineraction with the opposite propellant in that zone. On 
the other hand, the radial sequence used with injector L/D #4 in which the 
fuel and oxidizer fans are radially alternated, provides maximum inter- 
element mixing in the event of propellant blowapart in the primary mixing 
region. 

Figure 1 shows photographs of the two injectors. Both 
8- and 10-inch injectors were first tested in solid workhorse thrust 
chambers under sea level conditions to determine performance, thermal, and 
stability characteristics. A typical hardware cross section is shown in 
Fig. 2 . A combustion chamber consisted of a converging-diverging section 
and a cylindrical section, one or more of which were used to vary the 
distance from the injector to the throat. The combustion chamber sections 
were instrumented with thermally isolated outside wall temperature measure- 
ments. The heat flux profile was deduced from the transient temperatures 
recorded by these thermocouples. Bombs were detonated and high response 
chamber pressure measurements were made approximately three inches from the 
injector face to provide stability data for each injector. The initial 
tests on the L/D #1 injector were made with boundary layer coolant supplied 
by a separate manifold between the injector and combustion chamber. Sub- 
sequent tests on the L/D #1 injector were made with BLC supplied through 
orifices drilled around the periphery of the injector. No BLC was used 
with the L/D #4 injector. 

In addition to the tests conducted with the solid wall thrust chambers, 
numerous tests were conducted with the L/D #1 injector in the demonstrator 
and integrated regenerative ly cooled thrust chambers. Results of these 
tests are reported in the two sections entitled, "Demonstrator Thrust 
Chamber" and "Integrated Thrust Chamber". A total duration of approxi- 
mately 1775 seconds was accumulated on the injector during 302 tests. 

Stability Analysis and Tests . Under Task XI of the program stability tests 
and analysis were conducted to define stability characteristics of various 
OME chamber/ injector configurations and to determine the effectiveness of 
various acoustic cavity designs. The effort comprised two series of full- 
scale stability rating tests, bench-scale acoustic modeling tests, and 
analyses of data from tests conducted by Rocketdyne and other OME technology 
contractors . 
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Figure 1. L/D Injector 
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figure 2. Uneooted Thrust Chamber Assembly 



Full-Scale Tests. The previously described L/D #1 and L/D #4 injectors 
were used for the full-scale test program. The L/D *1 injector had been 
used previously for extensive nonstability related testing, although a few 
stability rating tests had been made before the BLC injection orifices were 
drilled in the injector. These tests were stable with the acoustic ca^'ity 
being used. Related stability rating tests had been made on Contract 
NAS9- 12525 with a somewhat similar injector, L/D *2, which showed that an 
acoustic cavity was required to achieve stability. 

Solid wall combustion chambers typical of that shown in Fig. %• were used. 
For the tests conducted under this contract, the BLC injector ring was 
eliminated. The L/D #1 injector had 68 equispaced 0.020-inch diameter 
orifices near its circumference; no BLC was used for the tests with the 
L/D #4 injector. 

The acoustic cavities were formed between the injector and removable rings, 
to facilitate modification of the cavity configurations. The acoustic 
cavities used for all of these tests had a contoured entrance. In addi- 
tion to the normal thrust, pressure, flow, and temperature instrumentation 
special temperature and high-frequency pressure instrumentation was used. 

The chambers were instmmented with three high frequency response pressure 
transducers. Gas temperatures were measured in the acoustic cavities with 
exposed- junction thermocouples . 

Acoustic Model Testing. Two kinds of acoustic model tests were made, 
one with relatively detailed models of the acoustic cavities only and the 
second with a model of the combustion chamber containing acoustic cavities. 
The tests with the detailed cavity models were made to measure the effective 
acoustic depth of these cavities associated with the entrance region. The 
tests with the chamber model were made to measure the influence of the 
cavities on the acoustic modes of the chamber. Each kind of model was 
excited with an acoustic driver and the model response was measured with a 
microphone. The frequencies corresponding to maximum microphone response 
were interpreted as the resonant frequencies of the models. 

SUBSCALE REGENERATIVE COOLING EVALUATION 


The cooling capability of MMH and 50-50 fuels was determined using elec- 
trically heated circular steel tubes and rectangular channels as shown 
in Fig. . The circular tube provides a unifuxiu circumferential heat 
flux to the coolant and, as such, provides basic cooling data relatively 
independent of geometry. The rectangular channel test section incor- 
porated a copper heating strip along one surface so as to more closely 
simulate the asymmetric heating that occurs in a thrust chamber. The 2-D 
heat transfer results were modeled on the computer using the basic round 
tube correlation. 

The electrically heated test sections were also utilized to investigate 
adverse operating conditions such as hot-starts and helium ingestion. 

In the former case the test sections were preheated to selected tenq>era- 
ture levels and the fuel was then introduced at velocities and flowrates 
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simulating start conditions. Helium ingestion was accomplished in both 
discrete bubble and froth>type flows at various heat flux levels. These 
flows were visually observed through a sight tube immediately downstream 
of the test section. 

A three^channel panel (Fig. 3c) similar to the single channel design was 
used to investigate effects of adjacent channel cooling on helium ingestion 
and plugged channel operation. In these tests the center of the three 
channels utilized a separate flow circuit such that flowrate could be 
reduced or helium ingested in this channel. 

DEMONSTRATION THRUST CHAMBER 


In order to investigate the feasibility of the regenerative ly cooled chamber 
concept, a demonstration chamber was designed, fabricated and tested. The 
basic chamber is shown in Fig. 4. This chamber had 180 coolant passages 
which were 0.060 inches wide with heights ranging from 0.078 to 0.17S inches. 
The nominal pressure drop for this chamber was 13 psi. The chamber cooling 
passages simulate flight-type design in terms of geometry and pressure drop. 
The head-end, however, incorporates a separate outlet manifold and film cool- 
ant ring so that regenerative coolant and film coolant flowrates can be 
varied to obtain basic chamber cooling data. A short columbium radiation 
cooled nozzle is included to determine nozzle operating temperatures and to 
simulate soakback conditions. 

The chamber was instrumented to obtain coolant bulk temperature rise, back 
wall temperature profiles, coolant pressure drop, and performance and 
stability characteristics. 

The chamber was tested over a range of chamber pressure and mixture ratios 
at Rocketdyne (CTL IV) and White Sands Test Facility. The dump and regenera- 
tive cooling modes were used at Rocketdyne. Regenerative cooling was used at 
WSTF. Film coolant flowrates were varied independently by means of suitable 
orificing. Start transient and soakout conditions as well as off-design 
operation were also investigated. 

INTEGRATED THRUST CHAMBER 


In order to more carefully evaluate transient operating characteristics, 
a chamber was designed and fabricated with a nearly flight-type head-end 
configuration as shown in Fig. S. The design incorporates the acoustic 
cavities and dams integral with the regeneratively cooled chamber. The 
film coolant is supplied from the primary injector. 

The ITC was tested in two phases at WSTF. The first phase was primarily 
oriented to obtain steady state performance data in vacuum with a full 
72:1 area ratio steel heat sink nozzle. The second test phase was con- 
ducted to obtain OME start, shutdown, and restart data. Operation under 
throttled conditions and without boundary layer cooling was also demon- 
strated during the second test series. Instrumentation was essentially 
similar to that used in demonstration chamber tests. 
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Figure 5, Integrated Thrust Chaaber 


CHAMBER DIAMETER COMPARISON 


An objective of Task X was to compare 8> and 10-inch diameter chamber 
configurations (contraction ratio > 2 and 3, respectively) in terms of 
system weight, pressure drop and performance. Also the advantages of 
using a constant land width fabrication technique in comparison to the 
nominal constant channel width design was to be evaluated. 

The initial Rocketdyne regenerative ly cooled OME design was perturbed to 
determine the effects of changing the design contraction ratio and fabri- 
cation technique. Three chamber configurations were investigated: 

(1) contraction ratio of 2 and constant channel width; (2) contraction 
ratio of 2 and constant land width; and (3) contraction ratio of 3 
constant width. 

The basic ground rules for the study are summarized ir iahle 4 . Experi- 
mental heat flux profiles were utilized based on data from Rocketdyne 
(e » 2) and Bell Aerosystems (e » 3). Only the regenerative ly cooled 
chamber, radiation cooled nozzle^and injector were considered in the weight 
analysis . 

Guided by previous design effort 120 channels were selected for all chambers. 
A minimum land width at the throat of 0.040 inch was selected based on 
fabrication ease. Hot-wall and closeout thicknesses of 0.030 inch were 
utilized on all chambers for consistency. Coolant safety factors were 
evaluated based on 2-D thermal analysis where applicable (e.g., wide injec- 
tor-end lands in constant channel width design). 

TABLE 4 . GROUND RULES 

Components: Injector, Chamber, Nozzle 

Regeneratively Cooled Nozzle ARea Ratio: 7 

Nozzle Area Ratio: 72 

Chamber Length for ■ 2: 14.7 inches 

Nozzle Percent Length for ■ 2: 70 

Chamber Length for « 3: 12 inches 

Nozzle Percent Length for e » 3: 73 

c 

Injector P Not Dependent on 
Experimental Heat Flux Profiles 
Hot and Cold Wall Thicknesses: 0.030 inch 

REGEN Safety Factor: l.S at Off Design 

Off-Design Conditions: P^ ■ 120 psia 

MR • 1.73 

Tj^ » 100 F 
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BASIC DATA GENERATED AND SIGNIFICANT RESULTS 


PROGRAM 


In terms of the overall program the most significant result is the proven 
feasibility of the regenerative cooled reusable thrust chamber concept 
for OME application. Successful operation was obtained over a wide range 
of steady-state (no bombs were detonated in the chamber) <^erating condi- 
tions with no evidence of injector instability or chand>er overheating. 

The chamber can be safely operated over any start, shutdown, restart 
sequence currently envisioned for the OME. A summary of the significant 
results obtained in each major portion of the program are discussed in the 
following pages. 

CONFIGURATION AND PROPELLANT SELECTION 


Design Cong)arison Summary 

A summary of OME point design characteristics for the various propellants 
and cooling methods are listed in Table 5 for engines with a 50 inch static 
external exit diameter. Mixture ratios for engines using NTO/MMH and NTO/ 
50-50 are based on equal propellant tank volumes. For the other propellants 
the mixture ratio is that tdiich yields maximum delivered specific incise. 
Engine lengths are measured from the top of the oxidizer duct to the end of 
the radiation cooled nozzle; combustor lengths from the injector face to the 
throat plane. Engine inlet pressures are the pressures at the vehicle con- 
nect point and include the pressure drops through all engine components. 

The regeneratively cooled engines deliver highc'.' specific impulse performance 
than the film cooled engines and have higher engine weights and fuel inlet 
pressures. 

The effects of specific impulse, engine weights, and inlet pressure on loaded 
QMS weight were determined using nominal QMS weight and trade factors. Hie 
results of the cooling method comparison shown in Table indicate that the 
regeneratively cooled engine results in lower QMS weights than the film cooled 
engine. The results of the propellant coaq;>arison for regeneratively cooled 
OME systems are also shown in Table 6. NTO/50-50 yields a slightly lower 
system weight than NTO/M^. The lowest system weight is achieved with L0X/^M1. 

Life capabilities were determined for the regeneratively cooled and dtaq>/film 
cooled thrust chandlers. Each concept is limited by a different damage mechan- 
ism: the regeneratively cooled chandlers by fatigue; the dump/film cooled 
chambers by creep. Life capability did not critically influence design 
selection since all designs exceeded the required 1000-cycle life requirement 
(with a Safety Factor ■ 4.0). 
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Oth«r factors strongly influencing the design selection were reliability* 
safety* maintenance* operating limits and development costs. Regenerative 
cooling* for example* is considered to be more reliable than film cooling 
due to its double-wall type construction and essentially self-healing 
(i.e.* film cooling) capability should a crack occur in the hot -wall liner. 
The regeneratively cooling tecimique was selected for this reason in 
conjtmction with its stqperior performance as compared to a film cooled 
design. 

NTO oxidizer and amine fuels were selected over LOX and hydrocarbon fbelt* 
re.«pectively* due to reduced development risk* cost and schedule. 

Fuel selection among the amines considered was influenced strongly iv 
cooling safety and operating limits. Both MMH and SO-50 fuels are i ' .ier- 
ably more stable than hydrazine and are capable of higher operating 
t«iq[>eratures without exothermic decoii^osition. The freezing point of 
NWH (-63 P) is considerably below that of 50-50 (18 P) and permits a 
greater range of mission duty cycles. The hMi is also somewhat more stable 
thermally than 50-50. 


Plight Design Selection Summary 

The resulting flight configuration of the OME thrust chamber ass«iA>ly 
(selected in conjunction with NASA/JSC) shown in Pig. 6 includes the 
injector* the regeneratively cooled chamber and the radiation cooled 
nozzle. The radiation cooled nozzle attaches at an area ratio of 7 and 
extends to an area ratio of 72 which corresponds to an external exit 
diameter of 50 inches at the 6000-pound thrust level for a chamber pres- 
sure of 125 psia. The regmeratively coded thrust chamber used channel 
wall construction with an uppass coolant circuit from an area ratio of 7 
to the injector and has a contraction area ratio of 2. The tapered con- 
tour from the injector to the throat favors boundary layer buildup and 
enhances coolant c’^aracteristics at the throat. The chamber has an integral 
auxiliary fuel cooling ring which contains 180 orifices using 6.4 percent 
of the fbel (2.4 percent of the propellants). This auxiliary film coolant 
lowers the fuel temperature rise and the resultant regenerative coolant 
jacket AP. The regenerative coolant channels are machined into a CRES 
liner and closed out with electroformed nickel. 
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Figure 6. OM^ Thrust Chaaber Asse^l^ 



SUBSCALE REGENERATIVE COOLING EVALUATION 


The use of electrically heated tubes and channels was shown to provide an 
economical method cf obtaining valuable steady-state and transient data 
to assist in the design of regenerative ly cooled thrust chambers. More 
than 300 tests were conducted to provide data on amine fuel heat flux 
limits, chamber hot-start capability and the ability of an amine cooled 
chamber to ingest helium either as discrete bubbles or in a dispersed form. 

Steady-State Bum Out Heat Flux Capability 


Basic burnout data were obtained in circular CRES tubes with both MMH and 

50-50 fuels. The burnout heat fl\ix is that condition at which transition 

from nucleate to film boiling occurs with a resultant sharp rise in wall 

temperature. The wall teinperature increase is normally sufficient to 

cause tube failure ("bum-out'*) unless the heat flux is rapidly reduced. 

The maximum heat flux is a function of coolant velocity V and subcooling 

At fs X — T ^ 

Sub** Saturation Coolant*'* 

The results of the MMH tests are presented in Fig. 7 for both Rocketdyne 
IR$D and contractual tests. The OME design curve utilized in the regen- 
eratively cooled chamber designs is also shown. 

The results of the as/mmetrically heated rectangular channel tests are shown 
in F'g. 3 for MMH. The effective maximum heat flux level is less than 
that for the round tube due to a concentration of heat in the comer of the 
channel. This effect can be predicted, as shown, by use of a 2-D computer 
conduction model in conjunction with the basic round tube results. 

Adverse Operating Conditions 


The OME may be required to start with a chamber which is hot because of 
soak-out from a previous firing or because of the heating effects of other 
engines . 

In order to determine whether detonations or fouling would occur as a result 
of these starts, tests were conducted with electrically heated tubes. To 
simulate the materials of construction used in the OME thrust chamber, tubes 
made of electroformed nickel and CRES, the tubes were heated electrically 
with no propellant in the tube. The low power level required to bring the 
tubes to an equilibrium temperature without cooling was maintained while 
the coolant valve was open and coolant flowed through the tube. Coolant 
flowrates as low as 1/4 of the flowrate expected during start was tested at 
tube temperatures of up to 1600 F for both materials. No instances of 
detonation or fouling occurred. The results of these tests were verified, 
to some extent, during subsequent thrust chamber tests. 
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Figure 8. Experimental Burnout Heat Flux Data for MMH 


R-9686-1 

23 












1 


Tests were conducted with a single channel to determine if large helium 
bubbles could be ingested into the thrust chand)er without overheating. 
Nominal propellant flow was initiated; a nominal heat flux was electri- 
cally applied; and a bubble of known volume was passed through the heated 
tube and subsequently followed by a continuation of nominal coolant flow. 

The tenqperature of the heated channel wall rose while the bubble passed 
through the channel and decayed when the fresh coolant entered. No damage 
occurred to the heated channel hardware even though bubbles of durations 
iq> to 1.3 seconds were passed through the heated hardware. Since it has 
been calculated that a large helium bubble would reach the injector in 
approximately 0.3 seconds and result in a substantial reduction in the 
heat flux, the heated channel test data indicated that the OME thrust cham- 
ber could tolerate ingestion of a massive helium bubble. Subsequent tests 
with a complete thrust chamber verified these data. 

Helium ingestion as a dispersed mixture (froth) could continue for a rela- 
tively long time without an appreciable decrease of the heat flux. MMH 
with various amounts of helium ingested in this fashion was passed through 
the heated channel in order to determine whether the heat flux correlation 
was affected significantly by the helium ingested in this manner. The 
test resul«:s indicate that only a slight reduction in the burnout heat 
flux capability results from ingestion of dispersed helium in quantities 
as large as 40 percent by volume. 

A test series was conducted with the three-channel panel to simulate plug- 
ging of one channel on an OME thrust chamber. The center channel of the 
panel was plugged on the upstream side for most cases and on the downstream 
side for one test while nominal flow was maintained in the outer two 
channels. No detonations occurred with either type of plugging. The 
results, shown in Pig. 9 indicate a significant reduction in the flow 
capabilities of the adjacent channels. The data shown can be used to design 
chambers for this off-design condition. 
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Figure 9. Effect of Co«vl«tely Pluggl Cheunel on Adjecent Chennels Ileat 

Flux Capability 


INJECTOR EVALUATION 


Subscale Injector Element Characterization 


A total of 81 tests were conducted during the program. Typical test 
results on the like-doublet injectors are shown in Fig. lo and 11. 

The optimum element configuration for hot fuel is indicated to be that 
which has an oxidizer-fuel spacing of 0.4 inch and a cant angle of 4S^. 

For the optimum element configuration, the effects of mixture ratio, 
chamber pressure, and oxidizer temperature (below 100 F) arc seen to be 
negiigiole. Performance was almost insensitive to fuel ten^erature but 
indicated the possibility of a slight degradation with increasing fuel 
temperature. The data indicated that no significant increase in perfor- 
mance would take place with chamber lengths greater than 10 inches so that 
performance was mixing limited beyond that value. 

The triplet element test data also indicate an insensitivity to mixture 
ratio, chamber pressure, and oxidizer temperature. However, performance 
was more severely degraded by increasing fuel temperature than that of 
the like-doublet element. It appeared that the performance of the triplet 
element would also not increase significantly for chamber lengths greater 
than 10 inches. 

No bombs were detonated in the chamber during these tests. However, the 
triplet injectors indicated low frequency (300 Hz) oscillations on almost 
every test. The like-doublet injectors were stable in every case with no 
indication of pops or oscillations. 

The results of the study indicate like-doublet injectors can be designed to 
avoid blowapart with hot fuels. The optimum like-doublet element configure 
tion was found to be an element with a cant angle of 60^ and an oxidizer- 
fuel separation of approximately 0.4 inch. The performance differences 
observed between the various subscale configurations would be substantially 
reduced by inter-element mixing in a full-scale injector. 

Full-Scale Injector Element Characterization 


The performance test results for the L/0 #1 injector are shown in Fig. 12. 
Performance without BLC was found to be fairly insensitive to chamber pres- 
sure, mixture ratio, or fuel temperature. The performance with BLC is ap- 
proximately 1 percent lower. The performance with BLC is quite insensitive 
to fuel temperature, chamber pressure, or mixture ratio. The injector was 
tested with a combustion chamber having a smaller throat area in order to 
provide a contraction ratio of 3 to 1. The performance data obtained with 
this configuration without BLC indicates that for a fixed injector diameter 
performance would be degraded by increasing the contraction ratio. 
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Figure 10. Susatary of £]q>eriaental Results for 45 Degree 
Angle Like* Impinging Doublet Injectors 
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Figure 11. Effect of Cant Angle and Spacing on c* Efficiency for Like>Doublet 
Injector With Anbient and Heated Fuel 
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Figure 12* Like-Doid>let Injector Perforaance - No Film Coolant 



Performance of the L/D #4 injector was virtually insensitive to chamber 
pressure* mixture ratio* or fuel tenq>erature. The performance of the 
L/D #4 injector was expected to equal or exceed that L/D #1 because of 
the more optimum element configuration of the former injector. However* 
the results indicate lower performance of the L/D #4 injector over the 
range of chamber lengths of interest. The lower performance of the 
L/D #4 was attributed to the radial sequencing of the elements or to 
oxidizer orifice hydraulic characteristics (the discharge coefficient of 
the oxidizer side of the L/D #4 was 0.66. 

Another L/D element injector* L/D #2 from an IR6D program* having an 8- 
inch diameter was tested in solid wall hardware. This injector had more 
elements and modified element characteristics relative to L/D #1. Ihe 
perfonnance and the heat flux profile of the L/D #2 injector were similar 
to that of L/D #1. The L/D #2 injector was used primarily on Contract 
I NAS9- 12524. 

The heat flux data taken on the L/D #1 injector indicated a heat flux 
value at the throat approximately 3 Btu/in^-sec without 6LC* which reduced 
to 2.4 Btu/in^~sec by the addition of 2.5 percent BLC. The heat flux in 
the cylindrical portion of the chamber was approximately 2.5 and 1.6 
Btu/in^>sec without and with the BLC respectively. 

Full-Scale Stability Characterization 

Stability data were obtained for several injector/ chamber/ cavity configura- 
tions. Tests were conducted on both 8- and 10-inch like-doublet injectors, 
j The acoustic cavities for these tests were located in a single row around 

; the injector face* 12 equal area cavities separated by partitions. Four 

I of the cavities (equally spaced) were turned to suppress the third tan- 

I gential and first radial modes of instability. The remaining eight cavities 

I were turned to suppress the first tangential mode of stability.- Test 

results are summarized in Tables 7 and 8. Results from testing the 8.2- 
i inch diameter (low contraction ratio) chamber show that: 

1. Stability was readily achieved with a contoured 
entrance cavity without overlap (see sketch). 
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TABLE 7. SUMMARY OF STABILITY RESULTS FROM LOW 
COrrTRACTION RATIO CHAMBER TESTS 
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TABLE 8. SUMMARY OF STABILITY RESULTS FROM HIGH 
CONTRACTION RATIO CHAMBER TESTS 
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2. Stability was dominated by 2300 to 2800 Hz oscil- 
lation and which was in^roved by installing baffles 
(dams) in the fuel manifold. 

3. The change in BLC introduction from a separate down- 
stream injector to the periphery of the main injector 
did not significantly affect stability. Moreover, 
the stability of the L/D #1 injector appeared 
comparable but slightly better than that of the 

L/D #2 injector. 

The 2300 to 2900 Hz instability data may be grovqped into three sets: 

1. Stability was achieved with the proper cavity open 
area. A 2300 Hz oscillation appeared briefly during 
the decay transient after two bombs. The phase 
angles suggest a first tangential angular distribu- 
tion of pressure. 

2. Two sustained instabilities occurred with frequencies 
near 2560 Hz. The amplitude and phase data suggest a 
precessing and then standing first tangential type 
pressure distribution. The pressure node appeared to 
stand along the fuel inlet line. The amplitudes were 
35 to 70 psi peak-to-peak. 

3. After installation of the manifold dams, multiple occur- 
rences of a 2790 Hz oscillation were encountered. In each 
case the oscillation damped in 10 to 70 milliseconds. Hie 
amplitude and phase behavior usggested, as with the 2560 Hz 
oscillation, that the mode precessed initially and then 
stood with the pressure node along the fuel inlet. Anqpli- 
tudes were 50 to 150 psi peak-to-peak. 

Results from testing the 10- inch diameter (high contraction ratio) chamber 
show that: 

1. Adequate stability was readily stable. Because the per- 
foraance was somewhat low, the greater stability may not 
be due to the higher contraction ratio. 

Acoustic Model Stability Characterization 

Two kinds of acoustic model tests were made, one with relatively detailed 
models of the acoustic cavities only and the second with a model of the 
combustion chamber containing acoustic cavities. The tests with the 
detailed cavity models were made to measure the effective acoustic d^th 
of these cavities associated with the entrance region. The tests with the 
chamber model were made to measure the influence of the cavities on the 
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acoustic modes of the chandier. Each kind of model was excited with an 
acoustic driver and the model response was measured with a microphone. 

The frequencies corresponding to maximum microphone response were inter* 
preted as the resonant frequencies of the models. 

Two significant observations may be made from the test results. *^irst« 
the test results indicate the resonant frequency of the resonator is sub- 
stantially unaffected by the position of the downstream portion of the 
cavity entrance, when varied over a range of 0.6 to 2.7 times the cavity 
width. Secondly, the overlap (0.2 inch) used with 1/4 circle entrance 
(similar tc Aerojet partial contours) has apparently increased the 
effective d^th by an amount approximately equal to the overlap; a con- 
clusion inferred from comparison with the results for the rectangular 
entrance. 

Analysis and Interpretation of Stability Test Results 


The purpose of the analytical effort under this program were to aid design 
of the cavities to be tested and to aid evaluation, from the available 
data, of the effectiveness of acoustic cavities for suppressing instabili- 
ties. Most of the effort was directed toward assessing the significance 
of the 2300 to 2800 Hz oscillavion experienced during testing on this and 
other programs. 

The 2300 to 2800 Hz oscillation has been encountered repeatedly during test- 
ing of 8- inch diameter chambers at Rocketdyne and Aerojet. Rocketdyne has 
interpreted this oscillation as not being due to a normal chamber mode uid 
probably associated with the acoustics of the feed system. With this inter- 
pretation, the acoustic cavity would be expected to weakly affect stability. 
Conversely, Aerojet has interpreted with oscillation as being due to the 
first tangential mode of the chamber with its frequency being suppressed by 
the acoustic cavity. Aerojet has tried many cavity configurations in an 
effort to suppress the oscillation. In an effort to identify the mode or 
modes and clarify the implications relative to cavity effectiveness, 
analytical studies were made of both of these possibilities. 

Results from the analysis effort co not permit the mode or modes of oscilla- 
tion to be identified fully. However, it appears very unlikely that this 
oscillation is caused by cavity effects alone. Nevertheless, the oscilla- 
tion is influenced by the cavity entrance configuration. This oscillation 
is also influenced by dams in the fuel mutifold and, in addition, it appears 
to have a first tangential type of pressure distribution with the nodal 
positiim influenced by the fuel inlet position. These results suggest that 
the oscillation is associated with an interaction between the fuel injection 
system and cavity effects. The cavity influence may result from inter- 
action between the oscillatory jet emerging frcmi the cavity and the injec- 
tion/combustion processes of adjacent injection elements. 

The available test data suggest that this mode has not occurred in the 
10- inch diameter chambers. 
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DEMONSTRATION THRUST CHAMBER 


The demonstration thrust cl aod>er was designed to provide flexibility in 
testing in order to characterize the effects of BLC and coolant flowrate 
on chamber opeming tenyterature and performance. The bolted test assembly 
included a separate film coolant ring and a short (7< e <9) columbium 
nozzle. This latter item allowed investigation of nozzle radiation equilib- 
rium tenq[>eratures and soakback characteristics. 

The chamber was tested over a wide range of conditions as shown graphically 
in Fig. 13 . Chamber pressures ranged from 100 psi to about 180 psi and 
mixture ratios from 1.4 to 1.9. A total of 112 tests was conducted at both 
Rocketdyne (CTL-IV) and Nhite Sands Test Facilities for a cumulative dwa- 
tion of 1042 seconds. Both MMH and 50-50 fuels were investigated during the 
test program. Testing was accomplished with two like-double c injectors 
denoted as L/D #1 or L/D #2. 

Stability Characteristics 


No high or low frequency instability was recorded over the entire range of 
chamber pressures and mixture ratios test (no bomb tests) with either MMH or 
50-50 fuels with either the L/D #1 or L/D #2 injector. All configurations 
relied on acoustic cavities without baffles to maintain stable operation. 
Axial accelerometers installed on the engine thrust mount t>'pi<*ally showed 
disturbances of 10-20 g's RMS at start and no si^ificant activity during 
the tests. 

Performance Characteristics 


Performance versus mixture ratio data was obtained with unsaturated NTO and 
FtIH using the L/D *1 injector at CTL*IV and WSTF. Performance on the tests 
at nominal conditions with 2 percent auxiliary film coolant at CTL-IV and 
averaged approximately 310 seconds. A one percent improvement in injector 
performance is predicted with minimum development. Performance measured at 
I^TP was slightly over 308 seconds at nminal conditions. The deformed 
nozzle (as a result of the CTL-IV malfunction) may have resulted in a slight 
performance degradation at NSTF. 

The variation of performance with chamber pressure and mixture ratio measured 
at NSTF over the ranges for idiich the demonstrator was designed is shown in 
Fig. 14 for unsaturated prqi)ellants and approximately 2 percent film cooling. 

An increase in performance of approximately 1- second occurs at the upper end 
of the nominal operating range of the OME (P^ ■ 140 psia« o/f « 1.8), conq>ared 
to performance at nominal conditions. Performance decreases by approximately 
3 seconds iterating at a chamber pressure of 110 psi and a mixture ratio of 1.45. 
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Figure 14. OME Engine Performance 






Pdrfovnanco data neasurad at CTL-IV at of£>dasign chanbar prassura did 
not show tha trend. Low pressure data were invalid due to nozzle separa- 
tion. High pressure data indicated a sli^t performance loss. 


Performance with helium saturated propellants is shown in Pig. 14b and 14c . 
A performance penalty of approximately 1- second results under nominal 
operating conditions. Ihe shape of the measured performance curve at 140 
psia chamber pressure and 225 psia saturation pressure appears to be more 
sensitive to mixture ratio conpared to the rest of the data. However> 
the point at nominal mixture ratio is consistent with all other data. 

Operating at a chamber pressure of 175 psia would increase the performance 
by about 4 seconds. An ONE derivative used for a Space Tug ^plication 
would operate at a chamber pressure of approximately 240 psia and would 
have a significantly higher area ratio. The 100 psia test conditions 
simulate the effect of vehicle pressurization system failure. A perfor- 
mance loss of over 1 percent occurs under those conditions relative to 
performance at the design point. 

The performance of NTO with helium saturated 50-50 fuel and the #1 like- 
doublet injector is shown in Pig. 14d . The nominal mixture ratio for 
this propellant combination is 1.60 for equal tank volumes. At this 
mixture ratio and a chamber pressure of 125 psia» a performance level of 
approximately 310 seconds was measured. These tests were of 7 seconds 
duration, (derating at a high mixture ratio with this propellant combina- 
tion results in a performance loss (rather than a performance gain as was 
the case with NTO/MMH) as predicted analytically. A gain of approximately 
1 second in performance occurs at a chamber pressure of 140 psia. Per- 
formance sensitivity to chamber pressures is approximately the same as 
with the NTO/MMH combination. 

Thermal Characteristics 


Heat Load. A prioiary consideration in terms of regeneratively cooled 
chambers is total heat load and coolant bulk temperature rise. A summary 
of the demonstration chamber heat load data as obtained at CTL and WSTF 
is presented in Fig. <15 . It is apparent that the heat load with 2 
percent BLC is considerably below the original predicted value. This 
result is due primarily to lower than predicted heat loads without film 
coolant, '-he like doublet injector apparently provides a cool outer 
core with reduced heat loads to the film coolant and chamber. 

The reduced heat load results in a nominal coolant bulk tfflJ 5 >erature rise 
of about 135 F rather than the 175 F value utilized in the original design. 
A reevaluation of the minimum coolant safety factor for the demonstration 
chamber is given in Table 9 . Based on a 1-D analysis the demonstrator 
is capable of satisfactory operation without BLC at off-design conditions. 
Two-dimensional thermal analysis would indicate a reduced factor of 
safety which would limit operation without BLC to close to nominal con- 
ditions. 
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CHAMBER HEAT LOAD, BIU/SEC 



Figure IS. Summary of Demonstrator Head Load Data 
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TABLE 9 . THERMAL SAFETY FACTORS BA9SD ON EXPERIMENTAL DATA 


Propellant 

Nominal 

0ff-Desi®i** 

NT0/IA1H with 2% BLC 

3.5 

2.8 

NTO/MMH with no BLC 

2.0 

1.4 

NTO/50-50 with 2% BLC 

3.0 

2.2 


* ‘ 125 psla; in “ (MMH), X.60 (SO-SO); 

Fuel Injector > 45 psi 

** P^ « 120 psic; = 100 F; o/f * 1.84 (MMH), 1.79 (50-50); 

Fuel Injector AP = 36 psi 


Back Wall Temperatures. Back wall temperatures were measured on the thrust 
chamber to inaicate steady-state values during operation and also values 
at restart. The steady- state temperature profiles were also used to 
indicate the coolant t«nperature rise profile and heat flux circumferential 
uniformity. 

The back-wall temperatures agreed favorably with the total reduced heat 
load. The temperature profile indicated that the BLC was most effective 
in the head-end region as would be predicted. Maximum steady-state outer 
wall ten^eratures were less than 300 F. Restart at chamber temperatures 
approaching 500 F were accomplished without incident. 

Radiation Nozzle. Limited experimental data on steady-state operation of 
the short Columbium radiation nozzle extension exists since nearly 30 
seconds test duration is required to achieve equilibrium tenq>eratures . A 
single 30-second test at CTL-IV with NTO/MMH indicated a maximum steady- 
state temperature of about 1900 F. A similar test at WSTF with NTO/50-50 
propellants indicate maximum nozzle temperature of about 1600 F. 

The predicted nozzle tenperature of about 2200-2300 F for the short exten- 
sion is considerably higher than the experimental values. It appears 
that film cooling carryover downstream of the throat results in signifi- 
cant reduction of the radiation nozzle tenperature. this is an important 
result since it permits the use of a more conventional nozzle extension 
material with possibly significant cost savings. 
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INTEGRATED THRUST CHAMBER 


Design Configuration 


The Integrated Thrust Chamber (ITC) was designed* fabricated* and tested 
in order to obtain more extensive data on the li^ts of operation of a 
reusable chamber for (B4E application. ITie ITC differs from the demonstrator 
chamber primarily in the head>end region as noted previously with the film 
coolant being siqpplied from the primary injector. The ITC internal contour 
from injector to nozzle exit is essentially unchanged. Ihe acoustic cavi* 
ties and dams are regenerative ly cooled. Channel geometry was optimized 
to a greater extent for the ITC based on more recent NWH 2-D cooling data 
in channels as obtained under this contract. The resulting design con- 
sisted of 120 channels of constant width • 0.114 inch. Inlet manifolding 
is simple non-flight -type as used in the demonstrator chamber. 

Test Results 


The ITC was tested 156 times* in two phases* at White Sands Test Facility* 
for a cumulative duration of 1190 seconds. Phase I tests were concerned 
primarily with the steady-state stability* thermal* and performance char- 
acteristics of the ITC with additional limited tests to determine transient 
characteristics. These tests utilized a full 72:1 area ratio heat sink 
nozzle (Fig. 16 ). During Phase II* the start* shutdown* and restart 
characteristics of the ITC were investigated. Performance and thermal 
conditions for blowdown operation and for operation without film cooling 
were also experimentally evaluated during Phase II. 

Performance Characteristics . The variation of specific impulse with chamber 
pressure and mixture ratio is shown in Fig. 17 for both saturated and 
imsaturated propellants (both fuel and oxidizer saturated with helium at 
225 psia). Performance peaks at a mixture ratio of approximately 1.8 and 
increases with chamber pressure. The effect of saturation on performance 
is negligible. 

A coiq>arison with the data curve from the demonstrator tests is also shown 
in this figure and indicates 1 to 2 seconds lower performance at the higher 
mixture ratios. The data shown for the demonstrator were based upon 
analytical extrapolation to e > 72 of data taken with a 9:1 expansion area 
ratio nozzle. The good agreement affirms the validity of the analytical 
extri^olations. 

Tests conducted without BLC (by plugging injector orifices) indicated a 
performance gain of 1.5 seconds at nominal chamber pressure and mixture 
ratio after adjusting for the lower fuel inlet tenqperature (40 F) utilized 
to insure safe operation. 
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Figure 16. Integrated Thrust Chamber Engine Installation 
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Figure 17. Integrated Chamber Performance With Ambient 
Temperature Propellants 
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Injector and coolant jacket pressure drops were experimentally determined 
and were in good agreement with predictions. The resulting pressure drop 
summary is shown in Fig. 18 . 

Thermal Characteristics . Fuel temperature rise, chamber back wall tem- 
perature profiles and nozzle temperatures were measured and total heat 
loads calculated for all tests. The heat loads for the ITC using ambient 
temperature propellants (both saturated and unsaturated) are shown in 
Fig. as a function of chamber pressure and mixture ratio. These data 
follow the predicted 0.8 power of P variation. The effect of mixture 
ratio and helivun saturation on heat^load appears negligible. 

The best fit line of the demonstrator heat load results is also shown in 
Fig. 19 for comparison with ITC heat loads. The ITC heat loads are about 
12 percent higher due primarily to the less efficient, but much simpler, 
method of film coolant injection employed in the ITC design. Part of the 
higher heat load (about one-third) results from regenerative cooling of 
the acoustic cavity region. 

Hot propellants ( ~ 100 F) did not appreciably affect chamber heat load. 

The effect of eliminating BLC on ITC heat load is shown in Fig. 20 . The 
nominal BLC reduces the heat load by about 22 percent. Most of this 
reduction occurs in the cylindrical section of the chamber as determined 
by the back wall temperature measurements. 

Nozzle Extension . Data taken on the e ® 72 steel heat sink nozzle 
and the short columbium nozzle indicate a maximum radiation equilibrium 
temperature of 1630 F and 1800 F with and without BLC, respectively. 

These results indicate that the use of a refractory material is unneces- 
sary. The use of an L-605 nozzle extension appears feasible. 

Throttling Characteristics . Discrete 5-second tests were conducted at 
decreasing chamber pressures with cold (40 F) unsaturated propellants. 
Chugging ( ~ 300 Hz) was initially noted at a chamber pressure of 84 psia 
and occurred for about 0.6 seconds. As the chamber pressure was decreased 
the duration of chugging increased until at a chamber pressure of 68 psia 
chugging continued throughout the test. The chugging did not appear to 
be detrimental to the engine over the several 5-second duration tests 
conducted in the program. Measured heat loads were comparable to steady- 
state values extrapolated to the lower pressures. Based on these tests 
it appears the chamber can be started at pressures as low as approximately 
90 psia without chugging. During blowdown operation the chamber may be 
throttled to about 65 to 75 psia without chugging. 

Start and Shutdown Characteristics . The ITC was subjected to extensive 
start, shutdown, and restart testing using facility and engine ducting 
configured to simulate, as far as possible, the volumes and lengths of the 
current OMS propellant feed system. These tests are discussed in detail 
in the Final Report and the appropriate test reports as listed in Table 1 
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Figure lA. integrated Thrust Chamber Assembly Pressure Drops 




Figure 19. Integrated Chamber Heat Load with Ambient Propellants 



CHAKBER PRESSURE, PS I A 

Figure 20. Effect of Boundary Layer Coolant on Regenerative Chamber Heat Load 


R-9686-1 

44 



i 


t 


Summarizing these tests, it appears that the ITC is capable of satisfactory 
operation for any duty cycle currently envisioned for the OME. Starts 
with simultaneous valve signal, restarts after coast times as low as 1 
second and after tests as short as 0.1 seconds were accomplished without 
incident. The first two items result in minimum oxidizer lead times. 

The last item results in negligible heat input during firing and large 
propellant heat loss due to expansion and evaporation after shutdown. 
Restart after the short test, however, gave no indication of effects of 
possible propellant freezing. A fuel depletion test with helium ingestion 
was accomplished with no adverse effects on the chamber. Restart at maxi> 
mum chamber soakout temperatures ( ss. $00 F) were obtained without fuel 
decomposition or detonation. 

Safety Factor and Fatigue Life 


The ITC test results were utilized to improve the estimation of the chamber 
coolant safety factor and fatigue life profiles. This was accomplished by 
modifying the analytical models to fit the thermal data and then utilizing 
the models to predict heat Ifux and wall temperature profiles. 

The resulting safety factor profile based on 2-D conduction effects is 
presented in Fig. 21 for current off-design conditions with and without 
BLC. A minimum safety factor of 1.2 occurs near the injector end without 
film cooling. The ITC was not originally designed to operate without BLC. 
By sinq)ly increasing the velocity in the cylindrical section (AP increase 
2 psi) the safety factor could be increased to about 1.5. 

Predicted fatigue life is 4800 and 4400 cycles for operation with and with- 
out BLC, respectively. This is in excess of the required life (4000 cycles 
with life safety factor 4) . The life could be increased further by 
annealing the high-strength electrodeposited nickel closeout to more evenly 
distribute the strain between hot -wall and closeout. 

OME CHAMBER DESIGN OPTIMIZATION 


The performance and thermal data obtained in this program allow for optimi- 
zation of the thrust chamber design. The results of a parametric evalua- 
tion are shown in Pig. 22 . Performance could be maximized to about 313 
seconds with a chamber length of 16.2 inches without supplemental film 
cooling. All coolant safety factor and minimtun fatigue life requirements 
would be maintained. 
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CHAMBER DIAMETER COMPARISON 


A comparison was made of 8> and 10- inch diameter chambers corresponding 
to nominal contraction ratios of 2 and 3, respectively. The effect of 
constant channel width versus c-nstant land width fabrication technique 
was evaluated for the smaller diameter design. The three chamber con- 
figurations were designed and analyzed to determine pressure drops and 
channel height profiles. Weights were calculated for the chambers » 
injectors, and radiation nozzles. The chamber with the higher contrac- 
tion area ratio is 2h inches slturter than the other chambers so that a 
longer, higher performing nozzle can be used. Space Shuttle trade factors 
were used to convert differences in weight and pressure drop between the 
chambers to effective specific impulse differences. Combining these with 
the nozzle performance difference resulted in comparisons in performance 
between the three chambers for injectors with performance assumed to be 
equal. Alternatively, the injector performance requirements for equal 
effective specific impulse were determined. 

Results 


The land width and height profiles required to maintain the required 
safety factor at off design conditions in the chamber having constant 
channel widths are shown in Fig. 23 . The channel width and height 
profiles for the chambers having constant land widths are shown in 
Fig. 24 . The jacket pressure drops and life expectancies are summaxized 
below. 


Construction 

ic 

Jacket AP, 
(psi) 

Life, 

(cycles) 

Constant Channel 

2 

7.7 

5100 

Constant Land 

2 

4.1 

5100 

Constant Land 

3 

3.9 

4500 


The pressure drop for the chamber with low contraction ratio and constant 
width channels is less than that measured on Rocketdyne's Demonstrator and 
Integrated thrust chambers because the latter were designed to accommo- 
date a theoretical heat flux which was considerably higher than the 
experimental profile near the injector. 

Jacket weights were calculated from the channel dimension profiles. Injec- 
tor, coolant outlet manifold, and radiation nozzle weights for the high 
contraction chamber were scaled from the low contraction chamber weights. 
The resulting values (pounds) are tabulated below: 
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Figure 24. Channel or Land Width Profiles 
for 8- and 10-Inch Diaaeter 
Chambers 
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Construction 

ic 

Jacket 

Constant Channel 

2 

24.0 

Constant Land 

2 

17.5 

Constant Land 

3 

17.0 



1 

j 

1 

i 

1 

j » 

f 

1 

i : 

In j ector 

Manifold 

Nozzle 

Total 

23.6 

11.4 

41.2 

100.2 

23.6 

11.4 

41.2 

93.7 

35.4 

12.1 

42.5 

106.8 


The results presented in NASA Memoranduin EP22/M11-74 were used to estimate 
the performance advantage of the longer nozzle used with the high con- 
traction ratio chamber. The increment was 0.9 seconds specific impulse. 

Comparisons 


Differences in weights and interface pressures were converted to effective [ 

specific impulse using the following QMS sensitivity data furnished by the 
NASA Program Manager 

-4 lb system inert wt/psi interface pressure (oxidizer and fuel) 

3 lb system inert wt/sec engine specific impulse 
75 lb system wet wt/sec engine specific impulse 

The results are summarized in Table 10 with comparisons made both on the 
basis of QMS wet weight and QMS inert weight. The chambers having constant 
width lands are superior to the chamber having constant width channels on 
either basis. The low contraction ratio chamber is significantly superior 
(3.2 seconds) on the basis of inert weight. Comparison based on QMS wet 
weight put more emphasis on performance so the longer nozzle of the high 
contraction chamber gives it a slight advantage (0.7 seconds). 

TABLE 10. SUMMARY OF THRUST CrlAMBER ASSEMBLY CHARACTERISTICS 


Corf igurmtiof. 

«c 

«t. Dlff«r»nct 
u. 

f aslant 
1,. Sec 

Inlet 

Press , PSI 

Fquiva 

Is. 

lent 

Sec 

Motile Ij 
Sec 

Net Lqulv. 
If. Sec 

Allowable 

Constant Channel Width 

2 

Nontnal 

Nominal 

Nominal 

Nominal 

Nominal 

Nominal 

Nominal 





iMt 

1 

Inert 

Wet 


Inert 

Wet 

Inert 

— 

Wet 

Constant Land Width 

"> 

-6.S 


0 1 

1 

•3 6 

4.8 

0 : 

D 

** 0 

0. 3 

2 2 

0 1 

Constant Land width 

S 

6.6 

♦ 2 . r 

'0.1 

•5 6 ! 

1 

S.l 

0.2 

— 

0.9 

S 8 

1.0 

1 2 

0.5 
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RECOWiENDATIONS 


The stability and safety of injectors utilizing like-doublet elements 
in regeneratively cooled chambers was demonstrated in this program. 
Efforts should be made to improve the performan''-e of this injector 
type while maintaining the present stability and safety characteristics. 
Cold flow tests of existing full-scale injectors should be made to 
establish mixing characteristics. Design and analysis efforts based on 
the cold flow results should be followed by injector subscale and 
full-scale tests. 

Although the injector was stabilized by the proper acoustic cavity 
configuration, a 2600 hz oscillation has occurred with some cavity 
configuration on this and other programs. The persistence of this 
oscillation in some cases may be the result of a feed sytem interaction. 
This possibility should be further investigated in order to better 
understand and control the stability of the OME. 

The LOX/MMH propellant combination was determined analytically to be a 
strong alternate candidate for the OME but was rejected primarily because 
of lack of experience. This propellant combination could be tested for 
future generation Orbit Maneuvering Engines using hardware fabricated 
during this contract - specifically L/D #1 which has provisions for aii 
ignition system and the integrated thrust chamber. 
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CONCLUSIONS 


The analyses and tests conducted during this program lead to the general 
conclusion that a regeneratively cooled NTO/MMH engine can provide a 
lighweight> stable, propulsion system with high performance. Specific 
conclusions are best described in the order of the particular study areas. 

The propellant and cooling method analyses lead to the conclusion that 
the regeneratively cooled NTO/MMH engine was the optimum of the various 
candidates studied based on considerations of performance, weight, 
development risk, cost, safety, maintainability, reliability, and air 
pollution. IfTO/SO-SO, LOX/MMH, and LOX/50-50 were the alternate preferences 
in that order. 

It was concluded from the subscale injector tests that the like-doublet 
injector would produce higher and more stable performance at OME operating 
conditions than injectors using either uni ike-doublet or triplet elonents. 

The highest performance could be obtained with a 45 degree cant angle and 
an impingment distance of approximately 0.4 inches. Mixture ratio, chamber 
pressure, and oxidizer temperature do not significantly affect C* efficiency 
which is limited by mixing more than by vaporization. 

The thrust chamber cooling tests using electrically heated tubes and 
channels lead to the conclusion that regenerative cooling at OME design 
and off-design conditions can be accomplished with reasonable design 
parameters and factors of safety. Data obtained with simple round-tube 
data can be used to define steady-state safety factors for chambers using 
channel wall construction. The OME chamber can be started safely when 
hot due to a previous firing or heating by plume impingment from other 
engines. The chamber can tolerate large continuous helium bubbles in the 
fuel, but the safety factor is degraded by the presence of froth-like 
helium bubbles. The design of the cooling jacket would probably have to 
be modified to permit operation with a completely plugged channel. 

The full-scale injector test programs demonstrated that a like-doublet 
injector provides safe, stable operation with moderately high performance. 

The injector can be stabilized with an acoustic cavity having a gradual 
contoured entrance. The conclusion from an analytical comparison of 
chambers using 8- and 10-inch diameter injectors was that, if the injectors 
provided equal C* performance, the resulting weight, pressure, and nozzle 
comparison resulted in higher system performance for the 8-inch chamber 
based on minimizing OMS inert weight. A slightly lower QMS tanked weight 
would result from the use of a 10-inch injector. The same study lead to 
the the conclusion that a chamber having lands of constant width was superior 
to a chamber having coolant channels of constant width. 
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It was concluded from the stability model tests and analysis that 
instabilities encountered in the frequency vicinity of 2600 Hz are 
probably due to the interaction of feed system dynamics and chamber 
acoustics. Chamber oscillating modes can be accurately predicted 
by model test data. The effective depth of the acoustic cavity is 
independent of the location of the downstream portion of the cavity. 

The demonstrator chamber tests verified the analytical conclusions 
regarding safe engine operation at nominal and anticipated off-design 
conditions. In fact, it was concluded that the analyses were somewhat 
conservative regarding regenerative cooling safety factor and radia- 
tion nozzle temperatures. The fabrication of this chamber also demon- 
strated the feasibility of CRES channel-wall chambers using an electro- 
formed nickel closeout. The feasibility of repairing certain types of 
chamber damage by electroforming was also demonstrated. It was con- 
cluded that the chamber could operate safely with NTO/50-50 propellants 
over the range tested at slightly higher performance than NTO/MMH 
provided. 

Fabrication of a flightweight OME thrust chamber was demonstrated 
(excepting the inlet manifold) by the integrated chamber. Safe operation 
was demonstrated at nominal and anticipated off-design conditions with 
this chamber. The thrust chamber and injector can survive a fuel deple- 
tion condition and is stable in the blowdown mode to approximately 70 
psia chamber pressure. Propellant saturation does not significantly 
affect either the performance or heat transfer characteristics of the 
engine. The L/D #1 injector in a 14. 7- inch long chamber and a nozzle 
having an area ratio of 72 with 2.7 percent Boundary Layer Coolant pro- 
vides 310 seconds specific iiiq>ulse. Eliminating the BLC would increase 
performance by 1-1/2 seconds and still permit safe operation over the 
expected range of operating conditions. Simultaneously lengthening the 
chamber to 16 inches and eliminating the BLC would result in a specific 
impulse of 313 seconds and a thermal safety factor of 1.4 at nominal 
conditions. 

Tests conducted with the integrated chamber and OMS simulated ducting 
lead to the conclusion that oxidizer depletion occurs within 10 seconds 
after engine shutdown for all anticipated operating conditions. Fuel 
depletion times range from one second after a long-duration test to 
10 minutes after a 1-second test with cold fuel. Posttest accelerations 
in the order of 300 g's can result from low level combustion. These 
accelerations are not detrimental to the engine and can be avoided by a 
brief purge of the oxidizer system after shutdown. The engine does not 
impose any limitations on Oh® restart times. 
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